Introduction
============

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is increasingly used to quantitatively assess the permeability and perfusion of subtle microvascular environment.[@b1-tcrm-15-233],[@b2-tcrm-15-233] This technique was originally developed to estimate the blood--brain barrier (BBB) permeability in brain tumors.[@b3-tcrm-15-233]--[@b5-tcrm-15-233] Many studies have shown the abnormalities of BBB in multiple sclerosis (MS).[@b3-tcrm-15-233],[@b4-tcrm-15-233],[@b6-tcrm-15-233]--[@b10-tcrm-15-233] MS disrupts the integrity of BBB enabling active components of the immune system to enter the brain parenchyma to form the focal lesions, which is the early pathological change in MS and can be early detected by DCE-MRI.[@b8-tcrm-15-233] Diverse pathological changes were shown in different lesions of MS.[@b6-tcrm-15-233],[@b9-tcrm-15-233],[@b11-tcrm-15-233] The detection of spatiotemporal features of the lesions is essential for making an early and accurate diagnosis for MS patients. Recently, only a few studies have focused on both the cerebral permeability and perfusion abnormalities in MS, and the abnormalities of permeability and perfusion were observed in inactive MS lesions as well as normal-appearing white matter (NAWM) regions.[@b4-tcrm-15-233],[@b7-tcrm-15-233],[@b8-tcrm-15-233],[@b11-tcrm-15-233],[@b12-tcrm-15-233] Therefore, it is necessary for us to study the features of permeability and perfusion in active, inactive lesions and NAWM lesions of MS with DCE-MRI.

The Patlak model is a one-compartment linear model, which assumes that the rate constant between extracellular extravascular space and blood plasma (K~ep~) can be ignored because of low permeability and short measuring time.[@b13-tcrm-15-233] It can offer an easily visualized demonstration of the goodness of the fit.[@b2-tcrm-15-233],[@b14-tcrm-15-233] Histogram analysis is useful for describing the number of pixels in whole image having the same intensity.[@b15-tcrm-15-233] Until now, number of studies used histogram approaches to improve the heterogeneity of tumors. Shukla-Dave et al[@b16-tcrm-15-233] used this methodology to investigate the distributions of the permeability parameters of head and neck squamous cell carcinoma with DCE-MRI. Kim et al[@b17-tcrm-15-233] calculated the histogram and permeability parameters to distinguish low- and high-grade gliomas. These studies demonstrated that the histogram parameters were significantly sensitive to small changes or treatment effects. In the present study, we tried to apply the heterogeneity of histogram to distinguish MS lesions.

Our study hypothesized that the permeability, perfusion, and histogram parameters of lesions and NAWM regions with DCE-MRI were different and can reflect different stages of MS lesions. This study investigated the application value of using DCE-MRI with Patlak model for relapsing--remitting multiple sclerosis (RRMS) by detecting MRI biomarkers, including volume transfer constant (K^trans^), fractional plasma volume (V~p~), cerebral blood flow (CBF), and cerebral blood volume (CBV) and their correlations with Expanded Disability Status Scale (EDSS) scores and disease duration.

Patients and methods
====================

Patient populations
-------------------

A total of 27 patients with clinically definite RRMS (10 males, 17 females; aged 42.9±15.6 years (range 19--78 years), median EDSS 1.0 (range 0.0--5.0), median disease duration 4.5 years (range 0.25--16.5 years) were recruited from our hospital. All patients were diagnosed based on the McDonald 2017 criteria[@b18-tcrm-15-233] and had no other neurological diseases or psychiatric problems. No corticosteroid or immunosuppressant treatment was used for at least 3 months prior to magnetic resonance imaging (MRI) scan. This study was approved by the local Ethics Committee of Chongqing General Hospital, University of Chinese Academy of Sciences and all subjects gave written informed consent prior to participation, and this study was conducted in accordance with the Declaration of Helsinki.

Imaging data
------------

All studies were performed on a 3.0 T MR GE Imaging System (Waukesha, WI, USA) equipped with an eight-channel phased-array head coil. The imaging protocols were as follow: 1) precontrast T~1~-weighted: repetition time (TR)/echo time (TE) =1,750/24 ms, matrix size 320×224; T~2~WI:TR/TE =3,900/98 ms, matrix 288×224; fluid-attenuated inversion recovery (FLAIR): TR/TE =8,000/120 ms, matrix 256×160, slice thickness/gap =5.0/0.0 mm, field of view (FOV) 24×24 cm. 2) DCE-MRI: a series of flip angle of 3°, 6°, 9°, 12°, and 15° were performed to obtain T1 mapping-based a 3D fast spoiled gradient-recalled echo. After three phases of non-enhanced (NE) acquisition, a bolus of contrast (Gadodiamide Injection, GE Healthcare, Chicago, IL, USA) was injected by an automatic double-bolus injection (Medrad, Pittsburgh, PA, USA, Spectris Solaris MR injector system) with a dose of 0.1 mmol/kg and flow rate of 2.0 mL/s followed by a 20 mL flush of saline with the same flow intravenously. The matrix size =256×160, TR/TE =6.664/2.8 ms, FOV =24×24 cm, slice thickness =5.0 mm, spatial resolution =1.5×0.9×5.0 mm, flip angle =12°. In total, 360 volumes were acquired in measurement time of 4 minutes.

Data analysis
-------------

The T2 lesion load of the patients was determined as the number of hyperintense lesions on the FLAIR images (lesions \>5.0 mm) and the number of contrast-enhancing (CE) lesions was assessed on conventional T1-weighted contrast-enhanced sequences. DCE-MRI data postprocessing was performed with the Omni Kinetics software (GE Healthcare). The region of interest (ROI) was defined in the superior sagittal sinus (SSS) to measure the concentration-time curves.[@b19-tcrm-15-233] ([Figure 1](#f1-tcrm-15-233){ref-type="fig"}) The delay between arterial and venous responses is expected to be very small compared with the temporal resolution.[@b20-tcrm-15-233] The voxel located on the SSS was chosen to provide a high-peak signal enhancement and smooth variation during the time course. Then the contrast agent concentration was estimated.[@b20-tcrm-15-233]

In this study, we used a Patlak model to simplify the definition of ROI in lesions and NAWM ([Figure 1](#f1-tcrm-15-233){ref-type="fig"}). ROIs were fixed in size (20--30 mm^2^) and placed to CE lesions, NE lesions, and NAWM regions to acquire the MRI biomarkers, including K^trans^, V~p~, CBF, and CBV. The K^trans^ and V~p~ reflect the permeability characteristics of microcirculation, while CBF and CBV reflect cerebral perfusion. The artificial color mappings were performed, and the correlation among imaging biomarkers, EDSS scores, and disease duration were also analyzed. The coefficient of skewness is a measure for the degree of symmetry in the variable distribution. If skewness =0, it represents normal distribution. If skewness is \<0, it represents the distribution skewed to the left, otherwise to the right. The kurtosis reflects a heavy- or light-tailed distribution. The kurtosis for a standard normal distribution is three. CE and NE lesions were measured on postcontrast T1-weighted images and precontrast FLAIR images, respectively. NAWM regions included NAWM regions near the lesions and NAWM regions far from the lesions (distance ≥5.0 mm).[@b21-tcrm-15-233] We defined NAWM regions far from the lesions as NAWM regions on symmetrical brain avoiding arterial or venous structures to exclude the false-positive results due to physiological differences. All ROIs were handcrafted by two neuroradiologists who had \>15 years of experience; discussion was done when they had different ideas.

Statistical analysis
--------------------

All data were carried out by using SPSS version 21.0 software (SPSS Inc., Chicago, IL, USA). The permeability, perfusion, and histogram parameters of the lesions and NAWM regions did not conform to the normal distribution by using one-sample Kolmogorov--Smirnov test. The median (P25--P75) was used to describe these parameters. We compared the median of the K^trans^, V~p~, CBF, and CBV between groups by using Kruskal--Wallis *H* rank-sum test and Nemenyi test in SAS 9.2 software. We compared the skewness and kurtosis of MS lesions using Kruskal--Wallis *H* rank-sum test. Spearman's correlation was used to test the association of imaging biomarkers with EDSS scores and disease duration. *P*\<0.05 was considered to indicate statistical significance.

Results
=======

A total of 125 lesions were included in 27 patients with RRMS, which were mainly located in the frontal, temporal, and parietal lobes, particularly in periventricular areas ([Figure 2A and B](#f2-tcrm-15-233){ref-type="fig"}). Some lesions were found to be fused together. A total of 24 out of 27 patients were in clinical remission stage, and 3 patients were at relapse stage when the MRI examination was performed. Fourteen CE lesions were found in three patients at relapse stage, while no CE lesion was found in patients at clinical remission stage. There were no significant correlations among the K^trans^, V~p~, CBF, and CBV with EDSS scores and disease duration (*P*\>0.05).

The results of permeability parameters of MS lesions and NAWM regions are shown in [Figure 2C--F](#f2-tcrm-15-233){ref-type="fig"} and [Table 1](#t1-tcrm-15-233){ref-type="table"}. K^trans^ of CE lesions (red and yellow) were significantly higher (*P*\<0.05) than those of NE lesions and the NAWM regions both near and far from lesions (green and blue) ([Figure 2C](#f2-tcrm-15-233){ref-type="fig"}). However, there was no significant difference between NE lesions and NAWM regions (*P*\>0.05). V~p~ of CE lesions were significantly higher than those of NE lesions and NAWM regions (*P*\<0.05, [Figure 2D](#f2-tcrm-15-233){ref-type="fig"}). Obvious compensatory dilation of blood vessels and collateral circulation were observed around the lesion.

The CBF and CBV of the CE lesions were notably higher than those of NE lesions and the NAWM regions both near and far from NE lesions (*P*\<0.05, [Figure 2E and F](#f2-tcrm-15-233){ref-type="fig"}). In contrast, no significant difference was found in NE lesions compared with NAWM regions. The CBF and CBV of the NAWM regions close to those of NE lesions had no significant difference with the NAWM regions far from the lesions (*P*\>0.05, [Figure 2E and F](#f2-tcrm-15-233){ref-type="fig"}, and [Table 2](#t2-tcrm-15-233){ref-type="table"}). Compensatory dilation of blood vessels around the CE lesion was the same as in permeability maps.

For CE lesions, the skewness and kurtosis of K^trans^ were significantly higher than those of NE lesions (*P*\<0.05, [Figure 3](#f3-tcrm-15-233){ref-type="fig"}, [Table 2](#t2-tcrm-15-233){ref-type="table"}). This indicated that the skewness of K^trans^ in CE lesions increased to the right side of histogram. In contrast, the skewness of K^trans^ in NE lesions was more close to 0, indicating K^trans^ histogram in NE lesions was more close to normal distribution. Furthermore, the skewness of V~p~, CBF, and CBV in NE lesions had no significant difference compared with CE lesions (*P*\>0.05, [Figure 2D--F](#f2-tcrm-15-233){ref-type="fig"}, [Table 2](#t2-tcrm-15-233){ref-type="table"}). In our study, the kurtosis of K^trans^ in NE lesions showed lighter tail compared with CE lesions. However, the kurtosis of V~p~, CBF, and CBV in NE lesions had no significant differences compare with CE lesions (*P*\>0.05, [Table 2](#t2-tcrm-15-233){ref-type="table"}, [Figure 4](#f4-tcrm-15-233){ref-type="fig"}).

Discussion
==========

In our study, abnormalities of cerebral permeability and perfusion in RRMS were quantified using DCE-MRI with Patlak model. The MRI biomarkers K^trans^, V~p~, CBF, and CBV of CE lesions were significantly higher than those of NE lesions and NAWM. The histogram parameters of K^trans^ in NE lesions were more close to 0; these parameters could be helpful to distinguish the CE lesions from NE lesions in MS. The kurtosis of K^trans^ in NE lesions showed more flat and decreased peak height, thereby prompting that the peak of NE lesions was lower than those of normal distribution. However, there were no significant correlations among the K^trans^, V~p~, CBF, and CBV with EDSS scores and disease duration.

The significant increase of K^trans^, V~p~, CBF, and CBV in CE lesions compared with NE lesions and the NAWM regions is consistent with previous findings.[@b11-tcrm-15-233],[@b12-tcrm-15-233],[@b22-tcrm-15-233] The increased cerebral perfusion CE lesions could be explained by the existence of vasodilation in the lesions. Studies[@b6-tcrm-15-233],[@b9-tcrm-15-233],[@b11-tcrm-15-233],[@b22-tcrm-15-233] have showed that the pathological processes of MS mainly include inflammatory demyelination, axonal loss, and glial scar formation, and the pathological changes can vary from different lesions. The pathological changes of CE lesions mainly include destruction of the axon, the proliferation of glial cells, ischemic changes in the center, and compensatory dilation of blood vessels around the lesions.[@b6-tcrm-15-233],[@b11-tcrm-15-233] Nevertheless, we found no significant difference in terms of K^trans^ between NE lesions and NAWM regions, which is consistent with previous study.[@b23-tcrm-15-233] Cramer et al[@b4-tcrm-15-233] found a slightly higher K^trans^ value of NAWM regions than our results, while Ingrisch et al reported a similar value with our study.[@b12-tcrm-15-233] The different sampling time and the pathological changes of NE lesions and NAWM regions may be of importance for the variations of K^trans^ in MS.[@b11-tcrm-15-233]

Our results also demonstrated that the CBF and CBV of NE lesions were slightly higher than NAWM regions, which is consistent with previous studies.[@b9-tcrm-15-233],[@b10-tcrm-15-233] Structural changes, including local demyelination of lesions and axonal damage extension into the NAWM regions, axonal swelling, and increased numbers of enlarged microglia were observed in NAWM regions.[@b6-tcrm-15-233],[@b7-tcrm-15-233],[@b24-tcrm-15-233] Bester et al[@b8-tcrm-15-233] reported the abnormality of perfusion characteristics of NAWM regions in MS. Although previous studies[@b21-tcrm-15-233],[@b25-tcrm-15-233] have showed that pathological changes of NAWM areas varied from the distance between lesions, we found no significant difference of permeability and perfusion parameters between NAWM regions close to lesions and NAWM regions far from the lesions. This may be attributed to the fact that the majority of lesions in our study were not in the active stage. Furthermore, correlation analysis shows that the permeability and perfusion parameters have no significant associations with clinical disability status and disease duration. This could be related to the reconstitution after inflammatory activity, which may limit clinical manifestations. In addition, the small sample size may be responsible for this situation.[@b26-tcrm-15-233]

Previous studies have reported that the skewness and kurtosis were useful parameters and significantly sensitive to small changes or treatment effects.[@b13-tcrm-15-233],[@b27-tcrm-15-233]--[@b29-tcrm-15-233] In this study, we found that the skewness and kurtosis of K^trans^ in CE lesions were significantly higher than NE lesions. This indicated that the skewness of K^trans^ in CE lesions increased to the right side of histogram, while the skewness of K^trans^ in NE lesions were more close to 0, indicating that K^trans^ in NE lesions were more close to normal distribution. So we believe that the aforementioned histogram parameters of K^trans^ can be used to distinguish CE lesions from NE lesions, especially when the enhancement is not obvious or visible on post contrast T1 weighted in clinical practice. However, this result should be cautiously explained because CE lesions are very heterogeneous by nature. These lesions have more heterogeneous pharmacokinetic values compared with NE lesions usually due to the difference of interval between lesion onset and MRI scanning.

Limitations of this study should be mentioned. First, our results should be interpreted with caution because of the small sample size. Although previous study[@b12-tcrm-15-233] has investigated the feasibility of quantification of the cerebral permeability and perfusion changes by performing even less patients, further studies should be conducted in a larger sample size. Second, our study had a cross-sectional design, longitudinal studies are necessary to determine whether permeability and perfusion parameters change dynamically. Third, DCE-MRI is the only modality used for measuring permeability and perfusion changes; so, more methods should be assessed. Finally, due to a relatively short total measurement time for DCE-MRI, a lower accuracy may be obtained.

In conclusion, our study demonstrated that DCE-MRI with Patlak model can quantitatively measure the permeability and perfusion characteristics in MS lesions and NAWM regions. The K^trans^, V~p~, CBF, and CBV of CE lesions were significantly higher than those of NE lesions. No significant difference was found among these parameters between NE lesions and NAWM regions. There was no significant difference of permeability and perfusion parameters between NAWM regions close to lesions and NAWM regions far from the lesions. In addition, we observed that the histogram parameters of CE and NE lesions in MS were different from each other, indicating that the histogram parameters can be helpful to distinguish the pathology of MS lesions. Interestingly, we found no correlation among the K^trans^, V~p~, CBF, and CBV with EDSS scores and disease duration in MS lesions.
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![The time-concentration curves (left) and schematic diagram of the Patlak model (right).\
**Abbreviations:** K^trans^, volume transfer constant; V~p~, fractional plasma volume.](tcrm-15-233Fig1){#f1-tcrm-15-233}

![The representative images of dynamic contrast-enhanced magnetic resonance imaging with Patlak model.\
**Notes:** A 24-year-old patient with RRMS. (**A**) Precontrast T1-weighted: round low signal in the left periventricular areas (arrow). (**B**) Dynamic contrast-enhanced T1-weighted images: the lesion was enhanced in T1-weighted contrast-enhanced sequences (arrow). (**C**) K^trans^ map. (**D**) V~p~ map. (**E**) CBF map. (**F**) CBV map. ROI 1 located in CE lesions (Circle 1), ROI 2 located in the NAWM regions close to the lesions (Circle 2), ROI 3 located in the NAWM regions far from the lesions (Circle 3). For the color maps (**C**--**F**), red color represents a high value, blue color represents a low value.\
**Abbreviations:** CBF, cerebral blood flow; CBV, cerebral blood volume; K^trans^, volume transfer constant; NAWM, normal-appearing white matter; ROI, region of interest; RRMS, relapsing--remitting multiple sclerosis; V~p~, fractional plasma volume.](tcrm-15-233Fig2){#f2-tcrm-15-233}

![The histogram of K^trans^ in CE lesions (**A**) and NE lesions (**B**).\
**Note:** The skewness of K^trans^ in CE lesions increased to the right side of histogram, while the histogram of K^trans^ in NE lesions was more close to normal distribution.\
**Abbreviations:** CE, contrast-enhancing; K^trans^, volume transfer constant; NE, non-enhancing.](tcrm-15-233Fig3){#f3-tcrm-15-233}

![The skewness and kurtosis of different parameters.\
**Note:** The skewness and kurtosis of K^trans^ in CE lesions were significantly higher than NE lesions (**A**), while no significant differences were found in terms of V~p~, CBF, and CBV (**B**--**D**).\
**Abbreviations:** CBF, cerebral blood flow; CE, contrast-enhancing; CBV, cerebral blood volume; K^trans^, volume transfer constant; NE, non-enhancing; V~p~, fractional plasma volume.](tcrm-15-233Fig4){#f4-tcrm-15-233}

###### 

The permeability and perfusion characteristic of MS lesions and NAWM regions

  Index      CE                           NE                         Near NAWM                  Far NAWM                  χ^2^ value   *P*-value
  ---------- ---------------------------- -------------------------- -------------------------- ------------------------- ------------ -----------
                                                                                                                                       
  K^trans^   0.2148 (0.0488--0.4525)      0.0326 (0.0195--0.0716)    0.0456 (0.0195--0.0716)    0.0456 (0.0195--0.0781)   26.847       0.000
  V~p~       0.2448 (0.1758--0.3626)      0.0352 (0.0195--0.0768)    0.0273 (0.0143--0.0468)    0.0299 (0.0143--0.0508)   64.271       0.000
  CBF        45.5483 (32.9309--61.3355)   6.8000 (4.3279--11.4639)   6.0588 (4.3205--11.2014)   6.272 (4.4487--10.4447)   69.547       0.000
  CBV        39.787 (29.0745--61.6703)    5.8584 (4.0404--10.9631)   5.1239 (4.1287--9.9228)    5.1210 (4.0478--9.4874)   68.930       0.000

**Notes:** Median (P~25~--P~75~) was used to describe the permeability and perfusion characteristic of MS lesions and NAWM regions. Near NAWM: NAWM regions close to lesions. Far NAWM: NAWM regions far from the lesions. K^trans^: min^−1^, V~p~: (mL⋅100 g^−1^), CBF: (mL⋅100 g^−1^⋅min^−1^), CBV: (mL⋅100 g^−1^).

**Abbreviations:** CBF, cerebral blood flow; CE, contrast-enhancing; CBV, cerebral blood volume; K^trans^, volume transfer constant; MS, multiple sclerosis; NAWM, normal-appearing white matter; NE, non-enhancing; V~p~, fractional plasma volume.

###### 

The histogram parameters of MS lesions

              CE                             NE                             *Z* value   *P*-value
  ----------- ------------------------------ ------------------------------ ----------- -----------
                                                                                        
  K^trans^                                                                              
   Skewness   0.6496 (0.0261 -- 1.0477)      0.0389 (−0.2269 to 0.4843)     −2.149      0.032
   Kurtosis   −0.4065 (−0.8203 to 0.8362)    −0.7569 (−1.1224 to −0.1806)   −1.982      0.048
  V~p~                                                                                  
   Skewness   −0.0338 (−0.2137 to 0.6700)    0.2865 (0.0198 -- 0.6297)      −1.122      0.262
   Kurtosis   −0.8759 (−1.0820 to 0.1161)    −0.7647 (−1.0969 to −0.1817)   −0.024      0.981
  CBF                                                                                   
   Skewness   0.1264 (−0.1465 to 0.5258)     0.2588 (−0.1471 to 0.5421)     −0.215      0.830
   Kurtosis   −0.9235 (−1.2924 to −0.5948)   −0.7392 (−1.0720 to −0.0897)   −1.408      0.159
  CBV                                                                                   
   Skewness   0.2741 (−0.0058 to 0.5472)     0.2262 (0.0333 -- 0.4631)      −0.382      0.702
   Kurtosis   −0.8579 (−1.2466 to −0.4580)   −0.7682 (−1.1318 to −0.1271)   −0.812      0.417

**Notes:** Median (P~25~--P~75~) was used to describe the histogram characteristic of MS lesions. The Mann--Whitney *U* test in SPSS 21 software was used to compare the differences of these parameters.

**Abbreviations:** CBF, cerebral blood flow; CE, contrast-enhancing; CBV, cerebral blood volume; K^trans^, volume transfer constant; MS, multiple sclerosis; NE, non-enhancing; V~p~, fractional plasma volume.
